INTRODUCTION
Thermoelectric materials, which can convert heat into electricity and vice versa, have been extensively studied for applications in cooling and power generation [1] [2] [3] [4] [5] .
Thermoelectric energy conversion efficiency is determined by Carnot efficiency and the material figure of merit (ZT) that is defined as ZT = S 2 ρ -1 κ
T, where S, ρ, κ, and T are the Seebeck coefficient, electrical resistivity, thermal conductivity, and absolute temperature, respectively [6] [7] [8] . Among which, thermal conductivity contains the electronic thermal conductivity (κele), lattice thermal conductivity (κlat), and bipolar thermal conductivity (κbip).
Half-Heuslers (HHs) are promising due to their superior mechanical properties, high power factors (PF = S 2 ρ -1 ), and reasonably high ZTs [9] [10] [11] [12] [13] [14] . ZrCoSb-based materials [15] [16] [17] [18] [19] [20] have been regarded as the traditional benchmark p-type HHs, which demonstrated high thermoelectric performance by utilizing the nanostructuring 19 and alloying 18 techniques. Recent years have witnessed the improvements in thermoelectric performance of p-type NbFeSb-based HHs [21] [22] [23] [24] [25] . Ti-doped NbFeSb demonstrated peak ZT of ~1.1 (at 1100 K) by effectively manipulating the carrier concentration 23 , Hf-doped NbFeSb achieved peak ZT of ~1.5 (at 1200 K) by significantly scattering the phonons from point defects 24 , and record-high PF of ~106 W cm -1 K -2 (at room temperature) in NbFeSb was obtained by tuning the electron-scattering mechanism via simply increasing the hot-pressing temperature 25 .
On the contrary, the n-type benchmark HHs, i.e., ZrNiSn-based solid solutions and related derivatives 47, 48 , have their ZTs still remained around unity.
Further improvement in ZrNiSn-based materials turns out to be challenging mainly due to the relatively large thermal conductivity and deleterious effect of bipolar conduction at higher temperature. Therefore, it is imperative to find promising n-type half-Heusler materials with high thermoelectric performance.
Recently, it has been reported that ZrNiPb is also a stable HH compound 49 After that, the ingot was pulverized by high energy ball milling for 20 hours. Powders were loaded into a graphite die with an inner diameter of 12.7 mm and sintered by direct current-induced hot pressing at 1173 K for 2 min. The prepared specimens are mechanically robust and chemically stable. Annealing treatment for the as-prepared pellets were taken at 1073 K for one week, which is critical for improving the phase purity and hence the thermoelectric properties (the majority of impurity phase is Pb and the presence of large amount of Pb impurity will substantially reduce the Seebeck coefficient and hence the PF). All the samples show high densities (Tab. 1, supporting information), and representative SEM images of ZrNiPb also indicate that specimens are highly densed. (Fig. S1 , supporting information). However, the thermal conductivities of ZrNiPb1-xBix are quite high (as shown in According to the XRD patterns of ZrNiPb0.98-xSnxBi0.02 (Fig. S2, supporting information), successful Sn-alloying can be achieved although there are some minor impurity phases (e.g., Pb). Thermoelectric properties of ZrNiPb0.98-xSnxBi0.02 are further characterized as shown in Fig. 3 . Electrical resistivity of ZrNiPb0.98-xSnxBi0.02
Characterizations
remains low with the exception of ZrNiPb0.18Sn0.8Bi0.02 and ZrNiSn0.98Bi0.02 as shown in Fig. 3a . This should be ascribed to the variation of Hall carrier concentration, which decreases noticeably with Sn concentration in Sn rich region (inset of Fig. 3a ).
It indicates that Bi is not a very efficient dopant for ZrNiSn, which is similar to previous reports 12, 28, 52 . Accordingly, the Seebeck coefficient of ZrNiPb0.18Sn0.8Bi0.02
and ZrNiSn0.98Bi0.02 is higher than that of other compositions (Fig. 3b) . Similar to ZrNiPb0.98Bi0.02, ZrNiPb0.98-xSnxBi0.02 (x > 0) can still maintain very high power factors with the exception of ZrNiSn0.98Bi0.02 (Fig. 3c) .
On the other hand, a noticeable reduction in thermal conductivity of ZrNiPb0.98-xSnxBi0.02 is observed and shown in Fig. 3d As pointed out previously, the lattice thermal conductivity of ZrNiPb0.98Bi0.02 is noticeably lower than that of ZrNiSn0.98Bi0.02 (Fig. 3e) . In order to further understand the difference in lattice thermal conductivity, phonon dispersion relations for ZrNiSn and ZrNiPb are calculated as shown in Fig. 5a and Fig. 5b , respectively. It can be seen that ZrNiPb has in overall smaller phonon frequencies. This explains why lower specific heat is observed in ZrNiPb (Fig. S3, supplementary material) . Furthermore, the acoustic phonon velocity is smaller in ZrNiPb than in ZrNiSn. These two aspects lead to a smaller thermal conductivity of ZrNiPb, which essentially comes from the heavier atomic mass of Pb compared with Sn. Figure 5 should be here
It is noted that the current ZTs of ZrNiPb0.98-xSnxBi0.02 are still not comparable to the counterpart of Hf1-xZrxNiSn. Since it has also been predicted that HfNiPb is stable 49 , we actually tried to prepare Zr1-xHfxNiPb0.38Sn0.6Bi0.02 (x = 0, 0.2, 0.4, 0.5, 0.6, 0.8, and 1). However, this attempt turns out to be unsuccessful due to the appearance of high concentration of impurity phases, and hence noticeably reduces the thermoelectric performance (Fig. S4, supporting information) . We also tried to synthesize HfNiPb directly, but still not successful. Therefore, our results indicate that
HfNiPb is actually not stable in contradiction to the theoretical prediction. But it does not necessarily mean that higher ZTs for ZrNiPb-based materials are impossible.
Since HfNiSn is stable, formation of solid solutions between ZrNiPb and HfNiSn is possible and better ZTs could be expected, but it is critical to eliminate the impurity phases. [41] |S| (µV K 
CONCLUSIONS
-
